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1
CURRENT SENSOR

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority from Japanese Patent
Application Nos. 2013-147732 filed with the Japan Patent
Office on Jul. 16, 2013 and 2014-008274 filed with the Japan
Patent Office on Jan. 21, 2014, the entire contents of which
are hereby incorporated by reference.

BACKGROUND

1. Technical Field

The present disclosure relates to a current sensor using
magnetic sensor elements.

2. Related Art

As a type of current sensor, current sensors using mag-
netic sensor elements have been known. The magnetic
sensor element converts a magnitude of a magnetic field into
an electric signal based on the change in the electric resis-
tance, the electromotive force, or the like and outputs the
electric signal.

In detecting the magnitude of the current flowing in a
cable in a contactless manner, a measurement error may be
caused when the relative position between the center of the
cable and the current sensor is shifted.

Therefore, for reducing the displacement-caused error in
the current sensor, it is proposed to use a magnetism
collection core or a plurality of magnetic sensor elements.

It is noted that the displacement-caused error refers to a
measurement error that occurs when there is a shift in the
relative position between the current sensor and the cable in
which the measured current flows.

Further, the magnetism collection core refers to the one
that is formed by soft-magnetic metal having a high perme-
ability and has much effect of collecting the magnetic flux.

FIG. 17 is a schematic diagram illustrating an example of
the arrangement of the conventional current sensor with a
magnetism collection core (JP 2002-303642 A). As illus-
trated in FIG. 17, in the case where a magnetism collection
core 1 is used, a hole element 2 measures the magnetic flux
along the magnetism collection core 1. Thus, even when the
position of a cable 3 is shifted within the magnetism
collection core 1, the amount of the measured magnetic flux
does not change substantially. As a result, substantially no
measurement error occurs.

When the magnetism collection core is used, however, the
measurement accuracy may be deteriorated because of a
displacement of the magnetism collection core due to the
vibration, rust of the magnetism collection core, deteriora-
tion of the characteristics of the magnetism collection core
due to a temperature change, and/or deterioration of the
linearity and/or the hysteresis characteristics of the sensor
due to the magnetism collection core, for example. More-
over, the magnetism collection core is used under a mag-
netically unsaturated state, which requires a larger size of the
magnetism collection core. This results in an increased size
of the sensor.

FIG. 18 is a schematic diagram illustrating an example of
the arrangement of the conventional current sensor that has
a plurality of hole elements arranged around the cable (JP
2007-107972 A). As illustrated in FIG. 18, a plurality of hole
elements 4 are arranged on the circumference of a substrate
6 centering around a cable 5. The hole elements neighboring
to each other on the circumference are electrically connected
in series.
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In this arrangement, the outputs of respective hole ele-
ments 4 change due to the relative displacement between the
cable 5 and the current sensor. These changes cancel the
change in the sum of the outputs of the hole elements 4.
Even when the position of the cable 5 is shifted, the sum of
the outputs of all the hole elements 4 does not change
substantially. Therefore, substantially no measurement error
occurs.

SUMMARY

A current sensor includes: four magnetic sensor elements
arranged within a plane orthogonal to a measured current,
having a symmetrical magnetic characteristics curve, and
adapted to convert a magnitude of a magnetic field into an
electrical signal and output the electrical signal; a bridge
circuit including the four magnetic sensor elements; and a
bias magnetic field application member adapted to applying
a bias magnetic field to the magnetic sensor elements.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a schematic diagram illustrating an arrangement
of one example of a current sensor based on one embodi-
ment of the present disclosure;

FIG. 2 is a schematic diagram of an axially symmetrical
magnetic characteristics curve CH;

FIG. 3 is a partial enlarged view of FIG. 1;

FIG. 4A and FIG. 4B are schematic diagrams of a bias
magnetic field;

FIG. 5 is an example circuit diagram of the current sensor
based on one embodiment of the present disclosure;

FIG. 6 is a schematic diagram illustrating an arrangement
of another example of the current sensor based on one
embodiment of the present disclosure;

FIG. 7 is an example circuit diagram of the current sensor
based on one embodiment of the present disclosure used in
a measurement of a displacement-caused error;

FIG. 8 is a diagram illustrating an example of the mea-
surement result of the error due to a relative displacement
between the current sensor having the circuit arrangement of
FIG. 7 and a cable;

FIG. 9 is a schematic diagram illustrating an arrangement
of another example of the current sensor based on one
embodiment of the present disclosure;

FIG. 10A to FIG. 10F are schematic diagrams illustrating
arrangements of other examples of one embodiment of the
present disclosure;

FIG. 11A to FIG. 11F are schematic diagrams illustrating
arrangements of other examples of one embodiment of the
present disclosure;

FIG. 12A to FIG. 12F are schematic diagrams illustrating
arrangements of other examples of one embodiment of the
present disclosure;

FIG. 13A to FIG. 13F are schematic diagrams illustrating
arrangements of other examples of one embodiment of the
present disclosure;

FIG. 14A to FIG. 14F are schematic diagrams illustrating
arrangements of other examples of one embodiment of the
present disclosure;

FIG. 15 is a schematic diagram illustrating an arrange-
ment of another example of one embodiment of the present
disclosure;

FIG. 16 is a schematic diagram illustrating an arrange-
ment of another example of one embodiment of the present
disclosure;
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FIG. 17 is a schematic diagram illustrating an arrange-
ment of an example of a conventional current sensor with a
magnetism collection core; and

FIG. 18 is a schematic diagram illustrating an arrange-
ment of an example of the conventional current sensor
having a plurality of hole elements arranged around a cable.

DETAILED DESCRIPTION

In the following detailed description, for purpose of
explanation, numerous specific details are set forth in order
to provide a thorough understanding of the disclosed
embodiments. It will be apparent, however, that one or more
embodiments may be practiced without these specific
details. In other instances, well-known structures and
devices are schematically shown in order to simplify the
drawing.

In the conventional arrangement illustrated in FIG. 18, the
sensitivities of the hole elements 4 are relatively low, which
results in a low sensitivity as a current sensor. In order to
increase the sensitivity as a current sensor as much as
possible, it can be considered to use more elements. In this
case, however, the size of the current sensor will increase,
which results in the increase in the number of parts and the
cost.

One of the purposes of the present disclosure is to achieve
a current sensor using magnetic sensor elements that con-
sumes less power, has a high sensitivity property, has a
compact and simple arrangement, is able to reduce a dis-
placement-caused error, and is relatively inexpensive.

A current sensor according to a first embodiment of the
present disclosure includes: four magnetic sensor elements
arranged within a plane orthogonal to a measured current,
having a symmetrical magnetic characteristics curve, and
adapted to convert a magnitude of a magnetic field into an
electrical signal and output the electrical signal; a bridge
circuit including the four magnetic sensor elements; and a
bias magnetic field application member adapted to applying
a bias magnetic field to the magnetic sensor elements.

A current sensor according to a second embodiment of the
present disclosure is the current sensor according to the first
embodiment, wherein the magnetic sensor elements are
magneto-resistance elements electric resistances of which
change in response to application of a magnetic field.

A current sensor according to a third embodiment is the
current sensor according to the first embodiment, wherein
the magnetic sensor elements are magneto-impedance ele-
ments electric impedances of which change in response to
application of a magnetic field.

A current sensor according to a fourth embodiment is the
current sensor according to any one of the first to third
embodiments, wherein the bias magnetic field application
member includes a permanent magnet.

A current sensor according to a fifth embodiment is the
current sensor according to any one of the first to fourth
embodiments, and further has a sensor substrate made of a
non-magnetic material on which the magnetic sensor ele-
ments are mounted.

A current sensor according to a sixth embodiment is the
current sensor according to the fifth embodiment, wherein
the magnetic sensor elements are mounted on one surface of
the sensor substrate and the bias magnetic field application
member is arranged on the other surface of the sensor
substrate.

A current sensor according to a seventh embodiment is the
current sensor according to the sixth embodiment, and
further has an attachment member made of a magnetic
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material for attaching the bias magnetic field application
member to the sensor substrate.

A current sensor according to an eighth embodiment is the
current sensor according to any one of the first to seventh
embodiments, wherein the bias magnetic field application
member is arranged so that its magnetic pole direction is
parallel to a magnetic sensitive direction exhibiting a maxi-
mum sensitivity of the magnetic sensor elements.

A current sensor according to a ninth embodiment is the
current sensor according to any one of the first to eighth
embodiments, wherein the bridge circuit is arranged so that
a cable in which a measured current flows is located therein.

The above features allow for the current sensor that
consumes less power, has a high sensitivity property, has a
compact and simple arrangement, is able to reduce the
displacement-caused error, and is relatively inexpensive.

One embodiment of the present disclosure will be
described in detail below by using the drawings. FIG. 1 is a
schematic diagram illustrating an arrangement of one
example of a current sensor based on one embodiment of the
present disclosure. As illustrated in FIG. 1, this example has
a substrate 7 and four magnetic sensor elements 8a to 84.
The magnetic sensor elements 8a to 84 are attached to one
surface of the substrate 7 so as to have a predetermined
positional relationship. The magnetic sensor elements 8a to
8d have an axially symmetrical magnetic characteristics
curve CH as illustrated in FIG. 2. Further, the substrate 7 is
provided with a cut groove 7a. A cable 9 having a circular
cross section and in which a measured current flows is
inserted in the cut groove 7a. It is noted that this example has
a sensor substrate 11 on which the magnetic sensor elements
8a to 84 are mounted as illustrated in FIG. 3 (illustration of
the sensor substrate 11 is omitted in FIG. 1). It is noted that,
of the magnetic sensor elements 8a to 84, the magnetic
sensor element 8a only is illustrated in FIG. 3.

The substrate 7 is set with respect to the cable 9 so that the
surface of the substrate 7 makes a plane orthogonal to the
measured current flowing in the cable 9. The four magnetic
sensor elements 8a to 84 are arranged on the circumference
of a circle A having a predetermined radius indicated by a
broken line centering around the cable 9. The magnetic
sensor elements 8a to 84 are arranged so that their magnetic
sensitive directions exhibiting the maximum sensitivity are
directed in a tangent of the circle A and that the magnetic
sensor elements 8a to 84 are located at each vertex of a
square B inscribing the circle A.

To the four magnetic sensor elements 8a to 84, bias
magnetic fields are applied in the directions of arrows Ca to
Cd by a permanent magnet 10 (a bias magnetic field appli-
cation member), respectively, as illustrated in FIG. 3. The
permanent magnet 10 may be provided to each of the four
magnetic sensor elements 8a to 8d4. The permanent magnet
10 is arranged on the other surface of the substrate 7. The
directions of the bias magnetic fields applied to the magnetic
sensor elements 8a to 84 neighboring to each other along the
circumference of the circle A are opposite to each other
along the circumference of the circle A. It is noted that the
circle A represents the magnetic sensitive direction of
respective magnetic sensor elements 8a to 84. A circle D
indicated by a solid line represents the direction of the
magnetic field generated by the measured current that flows
in the cable 9.

FIG. 3 is a partial enlarged view of FIG. 1. As illustrated
in FIG. 3, the magnetic sensor elements 8a to 84 are
mounted on one surface of the sensor substrate 11. In
addition, the permanent magnet 10 is arranged on the other
surface of the sensor substrate 11. The permanent magnet 10
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is arranged so that its magnetic pole direction is parallel to
the magnetic sensitive direction of the magnetic sensor
elements 8a to 8d. The optimum magnitude of the bias
magnetic field can be applied to the magnetic sensor ele-
ments 8a to 84 by properly adjusting the distance between
the permanent magnet 10 and the magnetic sensor elements
8a to 84 by using the sensor substrate 11 made of a
non-magnetic material. It is noted that cable pads 12 and 13
are attached to both ends of the magnetic sensor element 8,
respectively. Further, an ellipse E represents a magnetic flux
by the permanent magnet 10.

FIG. 4A and FIG. 4B are schematic diagrams of the bias
magnetic field. FIG. 4A is a magnetic characteristics curve
CH in the case with no bias magnetic field. FIG. 4B is a
magnetic characteristics curve CH in the case with a bias
magnetic field. In the case with no bias magnetic field, the
operation point is assumed to be at the maximum value of
the magnetic characteristics curve CH, as illustrated in FIG.
4A. In this case, as illustrated in FIG. 4B, the operation point
can be moved to any point on the magnetic characteristics
curve CH by applying the bias magnetic field.

FIG. 5 is an example of the circuit of the current sensor
based on one embodiment of the present disclosure. As
illustrated in FIG. 5, the magnetic sensor elements 8a to 84
neighboring to each other along the circumference of the
circle A of FIG. 1 are electrically connected. Thereby, a
bridge circuit is formed. This bridge circuit is arranged so
that the cable 9 in which the measured current flows is
located therein, as illustrated in FIG. 1.

As illustrated in FIG. 5, one end of the magnetic sensor
element 8¢ is connected to an input terminal T1 and con-
nected to one end of the magnetic sensor element 85. The
other end of the magnetic sensor element 8a is connected to
an output terminal T3 and connected to the other end of the
magnetic sensor element 8d4. The other end of the magnetic
sensor element 85 is connected to an output terminal T4 and
connected to the other end of the magnetic sensor element
8c. One end of the magnetic sensor element 8¢ is connected
to an input terminal T2 and connected to one end of the
magnetic sensor element 84. The input terminal T2 is
connected to a common potential point.

According to the circuit arrangement of FIG. 5, an inter-
mediate potential V1 at the connection point of the magnetic
sensor element 8¢ and the magnetic sensor element 84 is
outputted to the output terminal T3. An intermediate poten-
tial V2 at the connection point of the magnetic sensor
element 86 and the magnetic sensor element 8¢ is outputted
to the output terminal T4.

FIG. 6 is a schematic diagram illustrating an arrangement
of another example of the current sensor based on one
embodiment of the present disclosure. In FIG. 6, a coordi-
nate axis used for the measurement of the displacement-
caused error is added to the example of FIG. 1.

FIG. 7 is an example of the circuit of the current sensor
based on one embodiment of the present disclosure used for
the measurement of the displacement-caused error. In FIG.
7, the same reference numerals are provided to the parts
common to FIG. 5. As illustrated in FIG. 7, the output
terminal T3 of the bridge circuit is connected to a non-
inverting input terminal of an instrumentation amplifier
AMP including a plurality of operational amplifiers. The
output terminal T4 is connected to an inverting input termi-
nal of the instrumentation amplifier AMP.

The output terminal of the instrumentation amplifier AMP
is connected to an output terminal T5 of the entire device
(the current sensor). The input terminal T2 is connected to
the connection point of the magnetic sensor element 8¢ and
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the magnetic sensor element 84 and to the common potential
point. Further, the input terminal T2 is connected to an
output terminal T6 of the entire device.

In the arrangement illustrated in FIG. 6 and FIG. 7, in
response that a current flows in the cable 9, the magnetic
characteristics of the four magnetic sensor elements 8a to 84
change according to the magnitude of the current and the
direction of the bias magnetic field. This results in the
change in the magnitude of the voltage drop in each of the
magnetic sensor elements 8a to 84 constituting the bridge
circuit. According to the above change in the magnitude of
the voltage drop, the intermediate potential V1 and the
intermediate potential V2 of the bridge circuit change in the
opposite polarities. Assuming that all the characteristics of
respective magnetic sensor elements 8a to 84 are the same,
the output voltage of the bridge circuit is fourfold compared
to the case where the measurement was made by one
magnetic sensor element.

Considered will be the case where there is a shift in the
relative position of the current sensor based on one embodi-
ment of the present disclosure and the cable 9. When the
relative position of the current sensor and the cable 9 is
shifted, the change in the magnetic characteristics decreases
in the magnetic sensor element of the magnetic sensor
elements 8a to 84 which has an increasing distance from the
cable 9. On the other hand, the change in the magnetic
characteristics increases in the magnetic sensor element
which has the decreasing distance. In the current sensor
based on one embodiment of the present disclosure, the bias
magnetic field is being applied in a predetermined direction.
This causes the intermediate potential V1 and the interme-
diate potential V2 of the bridge circuit to change in the
direction of the same polarity even when the cable 9 is
shifted in any direction within the same plane as the sub-
strate. Therefore, the output voltage of the bridge circuit
does not change substantially.

FIG. 8 is an example of the measurement result of the
error (the displacement-caused error) due to the relative
displacement between the current sensor and the cable 9
according to the circuit arrangement of FIG. 7. In FIG. 8, the
horizontal axis represents the distance of the relative dis-
placement between the cable 9 and the current sensor, and
the vertical axis represents the magnitude of the measure-
ment error. In this measurement, a magneto-resistance ele-
ment containing a nano-granular film and a soft-magnetic
thin film was used for the magnetic sensor elements 8a to 84.
The direct distance between the neighboring magnetic sen-
sor elements 8a to 84 was set to 23 mm. The output voltage
of the instrumentation amplifier AMP was measured.

According to the measurement result of FIG. 8, the
measurement error of the current sensor based on one
embodiment of the present disclosure is 1.5% or less even in
the case where the relative position of the current sensor and
the cable 9 is shifted by 5 mm. On the other hand, in the case
where measurement is made by one magnetic sensor ele-
ment, the shift of 5 mm in the relative position results in the
measurement error of 19.8%.

Accordingly, it is clear that, in the current sensor based on
one embodiment of the present disclosure, the measurement
error in the case where the relative position between the
current sensor and the cable 9 is shifted by 5 mm is reduced
to V13 compared to in the conventional current sensor. That
is, the current sensor based on one embodiment of the
present disclosure has an advantage of the reduction in the
displacement-caused error.

Considered will be the case where an even magnetic field
such as the terrestrial magnetism is applied to the current
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sensor based on one embodiment of the present disclosure.
In this case, the magnetic characteristics of the four mag-
netic sensor elements 8a to 84 change according to the
magnitude of the magnetic field and the bias magnetic field
direction. Within the bridge circuit, there are changes in the
magnitude of the voltage drop in respective magnetic sensor
elements 8a to 8d. These changes in the magnitude of the
voltage drop cause the intermediate potential V1 and the
intermediate potential V2 illustrated in FIG. 5 to change in
the same polarity direction and by the same magnitude.
Therefore, substantially no change occurs in the output
voltage of the bridge circuit.

Further, in the current sensor based on one embodiment of
the present disclosure, the change in the ambient tempera-
ture causes the change in the magnetic characteristics of the
magnetic sensor elements 8a to 84. In this case, the magnetic
characteristics of all the magnetic sensor elements 8a to 84
change in the same direction. Therefore, the intermediate
potential V1 and the intermediate potential V2 illustrated in
FIG. 5 change in the same direction in the polarity. Thus,
substantially no offset due to the temperature change occurs
in the output voltage of the bridge circuit.

It is noted that, in the above-described example, the
magneto-resistance element containing the nano-granular
film and the soft-magnetic film is used as the example of the
magnetic sensor elements 8a to 84. The magnetic sensor
elements 8a to 84 are not limited to the above, but may be
a magneto-resistance element such as an anisotropic mag-
neto-resistance element (AMR), a giant magneto-resistance
element (GMR), and a tunnel magneto-resistance element
(TMR), in which the electric resistance changes in response
to the application of the magnetic field. Furthermore, the
magnetic sensor elements 8a to 84 may be, for example, a
magneto-impedance element made of an amorphous wire or
a thin film of a soft-magnetic material in which the electric
impedance changes in response to the application of the
magnetic field.

Further, the permanent magnet 10 may be a samarium
cobalt magnet the main component of which is samarium
and cobalt. Furthermore, the permanent magnet 10 may be,
for example, a neodymium magnet the main component of
which is neodymium, iron and boron, a ferrite magnet the
main component of which is iron oxide, an alnico magnet
the main component of which is aluminum, nickel, cobalt,
and iron, and a magnet the main component of which is iron,
chrome, and cobalt.

Further, in the above-described example, the approach of
applying the bias magnetic field to the magnetic sensor
elements 8a to 84 by the permanent magnet 10 has been
described. With respect to the application of the bias mag-
netic field, a predetermined magnitude of the bias magnetic
field may be applied in the magnetic sensitive direction of
the magnetic sensor elements 8a to 8d. The position and the
number of the permanent magnet are not limited to the above
example.

In the example of FIG. 3, the intensity of the used bias
magnetic field was around 20 Oe. Therefore, the permanent
magnet 10 is directly attached to the non-magnetic sensor
substrate 11. In the case where the low bias magnetic field
of a few Oe is applied, the permanent magnet 10 may be
attached to the non-magnetic sensor substrate 11 via a
soft-magnetic structure (an attachment member) 14 made of
a soft-magnetic material, as illustrated in FIG. 9. In the
example of FIG. 9, at least a part of the both magnetic pole
surfaces of the permanent magnet 10 is covered with the
soft-magnetic structure 14. This causes the bias magnetic
field to be applied while the both magnetic pole surfaces are
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connected. It is noted that, of the magnetic sensor elements
8a to 84, the magnetic sensor element 8a only is illustrated
in FIG. 9.

FIG. 10A to FIG. 10F are also schematic diagrams
illustrating arrangements of other examples according to one
embodiment of the present disclosure. The example illus-
trated in FIG. 10A to FIG. 10C is the arrangement provided
with no non-magnetic spacer. FIG. 10A is the top view of
this example. FIG. 10B is the side view of this example.
FIG. 10C is the bottom view of this example. The example
illustrated in FIG. 10D to FIG. 10F is the arrangement
provided with a non-magnetic spacer. FIG. 10D is the top
view of this example. FIG. 10E is the side view of this
example. FIG. 10F is the bottom view of this example.

As illustrated in FIG. 10B, the magnetic sensor elements
(magnetic sensitive elements) 8a to 8d are arranged on one
surface (the top surface) of the sensor substrate 11 made of
the non-magnetic material so that their magnetic pole direc-
tions are parallel to the magnetic sensitive direction A. It is
noted that, of the magnetic sensor eclements 8a to 84, the
magnetic sensor element 8a only is illustrated in FIG. 10A
to FIG. 10F. The cable pads 12 and 13 are provided to both
ends of the magnetic sensor elements 8a to 8d4. On the other
surface (the under surface) of the sensor substrate 11, fixed
is a connection part 14a of the soft-magnetic structure 14
formed in a U-shape. A part of both magnetic pole surfaces
of the permanent magnet 10 is engaged in an opening 145 of
the soft-magnetic structure 14 so that the direction of the
magnetic fields of both magnetic poles of the permanent
magnet (bulk magnet) 10 is the same as and thus parallel to
the magnetic sensitive direction A.

As illustrated in FIG. 10E, a spacer 15 made of a
non-magnetic material may be provided between the sensor
substrate 11 and the connection part 14a of the soft-magnetic
structure 14.

It is here assumed that the magnetic sensor elements
(magnetic sensitive elements) 8a to 84 have the output
characteristics that is axially symmetry to the applied mag-
netic field. The permanent magnet 10 functions to apply the
bias magnetic field to the magnetic sensor elements 8a to 84.
The soft-magnetic structure 14 covers at least a part of both
magnetic pole surfaces of the permanent magnet 10. This
allows the soft-magnetic structure 14 to function to connect
both magnetic pole surfaces of the permanent magnet 10.

FIG. 11A to FIG. 11F are also schematic diagrams illus-
trating arrangements of other examples according to one
embodiment of the present disclosure. The example illus-
trated in FIG. 11A to FIG. 11C is the arrangement provided
with no non-magnetic spacer. FIG. 11A is the top view of
this example. FIG. 11B is the side view of this example. FI1G.
11C is the bottom view of this example. The example
illustrated in FIG. 11D to FIG. 11F is the arrangement
provided with a non-magnetic spacer. FIG. 11D is the top
view of this example. FIG. 11E is the side view of this
example. FIG. 11F is the bottom view of this example.

As illustrated in FIG. 11B, the magnetic sensor elements
8a to 8d are arranged on one surface (the top surface) of the
sensor substrate 11 made of the non-magnetic material so
that their magnetic pole directions are parallel to the mag-
netic sensitive direction A. It is noted that, of the magnetic
sensor elements 8a to 84, the magnetic sensor element 8a
only is illustrated in FIG. 11A to FIG. 11F. The cable pads
12 and 13 are provided to both ends of the magnetic sensor
elements 8a to 8d. On the other surface (the under surface)
of the sensor substrate 11, fixed is one side surface section
adjacent to the connection part 14a of the soft-magnetic
structure 14 formed in a U-shape. The soft-magnetic struc-
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ture 14 of this example is in such a state that it is rotated by
90 degrees from the state of FIG. 10B. A part of both
magnetic pole surfaces of the permanent magnet 10 is
engaged in the opening 145 of the soft-magnetic structure 14
so that the direction of the magnetic fields of both magnetic
poles of the permanent magnet 10 is maintained to be the
same as and thus parallel to the magnetic sensitive direction
A.

As illustrated in FIG. 11E, the spacer 15 made of a
non-magnetic material may be provided between the sensor
substrate 11 and the connection part 14a of the soft-magnetic
structure 14.

FIG. 12A to FIG. 12F are also schematic diagrams
illustrating arrangements of other examples according to one
embodiment of the present disclosure. The example illus-
trated in FIG. 12A to FIG. 12C is the arrangement provided
with no non-magnetic spacer. FIG. 12A is the top view of
this example. FIG. 12B is the side view of this example.
FIG. 12C is the bottom view of this example. The example
illustrated in FIG. 12D to FIG. 12F is the arrangement
provided with a non-magnetic spacer. FIG. 12D is the top
view of this example. FIG. 12E is the side view of this
example. FIG. 12F is the bottom view of this example.

As illustrated in FIG. 12B, the magnetic sensor elements
8a to 8d are arranged on one surface (the top surface) of the
sensor substrate 11 made of the non-magnetic material so
that their magnetic pole directions are parallel to the mag-
netic sensitive direction A. It is noted that, of the magnetic
sensor elements 8a to 84, the magnetic sensor element 8a
only is illustrated in FIG. 12A to FIG. 12F. The cable pads
12 and 13 are provided to both ends of the magnetic sensor
elements 8a to 8d. On the other surface (the under surface)
of the sensor substrate 11, the end surface of the permanent
magnet 10 is fixed so that both magnetic poles of the
permanent magnet 10 are maintained to be in the same
magnetic field direction as and thus parallel to the magnetic
sensitive direction A. In this example, the soft-magnetic
structure 14 is in such a state that it is rotated by 180 degrees
from the state of FIG. 10B. The connection part 14a of the
soft-magnetic structure 14 exposes itself as the bottom
surface.

As illustrated in FIG. 12E, the spacer 15 made of a
non-magnetic material may be provided between the sensor
substrate 11 and the opening 144 of the soft-magnetic
structure 14.

FIG. 13A to FIG. 13F are also schematic diagrams
illustrating arrangements of other examples according to one
embodiment of the present disclosure. The example illus-
trated in FIG. 13A to FIG. 13C is the arrangement provided
with no non-magnetic spacer. FIG. 13A is the top view of
this example. FIG. 13B is the side view of this example.
FIG. 13C is the bottom view of this example. The example
illustrated in FIG. 13D to FIG. 13F is the arrangement
provided with a non-magnetic spacer. FIG. 13D is the top
view of this example. FIG. 13E is the side view of this
example. FIG. 13F is the bottom view of this example.

As illustrated in FIG. 13B, the magnetic sensor elements
8a to 8d are arranged on one surface (the top surface) of the
sensor substrate 11 made of the non-magnetic material so
that their magnetic pole directions are parallel to the mag-
netic sensitive direction A. It is noted that, of the magnetic
sensor elements 8a to 84, the magnetic sensor element 8a
only is illustrated in FIG. 13A to FIG. 13F. The cable pads
12 and 13 are provided to both ends of the magnetic sensor
elements 8a to 8d. On the other surface (the under surface)
of the sensor substrate 11, the soft-magnetic structure 14
formed in a U-shape is arranged. A part of both magnetic
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pole surfaces of the permanent magnet 10 is engaged in the
opening 145 of the soft-magnetic structure 14 so that the
direction of the magnetic fields of both magnetic poles of the
permanent magnet 10 is orthogonal to the magnetic sensitive
direction A. In this example, the soft-magnetic structure 14
is in such a state that it is rotated by 90 degrees in the
anti-clockwise direction from the state of FIG. 10B.

As illustrated in FIG. 13E, the spacer 15 made of a
non-magnetic material may be provided between the sensor
substrate 11 and the soft-magnetic structure 14.

The arrangement of the permanent magnet 10 and the
soft-magnetic structure 14 is different among these arrange-
ments of FIGS. 10A to 10F to FIGS. 13A to 13F. Therefore,
the intensities of the magnetic fields applied to the magnetic
sensor elements 8a to 84 are different, respectively. In these
arrangement, the bias magnetic field that is weaker than the
magnetic field of the case with a single permanent magnet 10
(the case without the soft-magnetic structure 14) is applied
to the magnetic sensor elements 8a to 84.

FIG. 14A to FIG. 14F are schematic diagrams illustrating
the arrangement of a magnetism detection device for con-
firming the effect of the non-magnetic spacer 15. It is noted
that a tunnel magneto-resistance element containing a nano-
granular film and a soft-magnetic thin film is used for the
magnetic sensor elements 8a to 8d. For the non-magnetic
spacer 15, a quartz plate of 0.5 mm in thickness is used.
Further, the thickness of the sensor substrate 11 on which the
magnetic sensor elements 8 are formed is also 0.5 mm.

FIG. 15 is also a schematic diagram illustrating the
arrangement of another example according to one embodi-
ment of the present disclosure. In this example, the substrate
7 of the current sensor is reduced in the longitudinal direc-
tion of the cut groove 7a in the example illustrated in FIG.
1. In FIG. 15, the same reference numerals are provided to
the parts common to FIG. 1. As illustrated in FIG. 15, on the
substrate 7, four magnetic sensor elements 8a to 84 are
arranged on the circumference of the circle centering around
the cable 9 in which the measured current flows. The
magnetic sensor elements 8a to 84 are arranged so that their
magnetic sensitive directions are directed to the tangent of
the circle and that the magnetic sensor elements 8a to 84 are
located at each vertex of the rectangle inscribing the circle
centering the cable 9 while a longitudinal direction of the cut
groove 7a is used as a short side. In this example, the
application of the bias magnetic field, the detection circuit,
and the like are the same as those in the example illustrated
in FIG. 1.

In the arrangement of FIG. 15, the change in the arrange-
ment of the magnetic sensor elements 8a to 84 allows for a
shorter length L of the substrate 7 than that in the arrange-
ment of FIG. 1. This allows for the reduction in the size of
the current sensor. This facilitates the current measurement
at a place where the installation space for the current sensor
is narrow such as the inside of a distribution panel.

FIG. 16 is also a schematic diagram illustrating the
arrangement of another example according to one embodi-
ment of the present disclosure. In this example, the cable 9
is a bus bar having a square cross section. As illustrated in
FIG. 16, the substrate 7 is installed so that its substrate
surface is parallel to the plane orthogonal to the measured
current. On the substrate 7, four magnetic sensor elements
8a to 84 are arranged on the circumference of an ellipse
surrounding the cable 9 in which the measured current flows.
The magnetic sensor elements 8a to 84 are arranged so that
their magnetic sensitive directions are directed to the tangent
of' the ellipse and that the magnetic sensor elements 8a to 84
are located at each vertex of a rectangle inscribing the
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ellipse. The directions of the bias magnetic fields applied to
the magnetic sensor elements 8a to 84 neighboring to each
other along the circumference of the ellipse are opposite to
each other along the circumference of the ellipse. It is noted
that the application of the bias magnetic field and the
detection circuit in this example are the same as those in the
example illustrated in FIG. 1.

With respect to the measurement of the current flowing in
the bus bar, the magnetic field generated by the current
represents an ellipse. Therefore, as illustrated in FIG. 1, the
magnetic sensitive directions do not substantially contact to
the direction of the generated magnetic field in the state
where the magnetic sensor elements 8a to 84 are arranged in
a circle, so that the sensitivity of the current detection
decreases. Then, the elliptical arrangement of the magnetic
sensor elements 8a to 84 as illustrated in FIG. 16 allows for
a high sensitivity in the measurement of the magnetic field
generated from the bus bar.

As described above, one embodiment of the present
disclosure allows for the implementation of the current
sensor using the magnetic sensor elements that consumes
less power, has a high sensitivity property, has a compact
and simple arrangement, is able to reduce a displacement-
caused error, and is relatively inexpensive.

As described above, one embodiment of the present
disclosure is directed to the high-sensitivity current sensor
that is able to detect the magnitude of the current flowing in
the cable in a contactless manner and reduce the measure-
ment error even when the relative position of the current
sensor and the cable changes. It is noted that the cable in one
embodiment of the present disclosure includes the one
having the sectional shape other than the circle such as a bus
bar.

Further, the current sensor according to one embodiment
of the present disclosure may be the following first to fourth
current sensors. The first current sensor is a current sensor
with a magnetic sensor element that converts a magnitude of
a magnetic field into an electrical signal and outputs the
electrical signal, and includes a bridge circuit formed with
four magnetic sensor elements whose magnetic characteris-
tics curve is axially symmetry, and a bias magnetic field
application unit adapted to apply a bias magnetic field to
each of the magnetic sensor elements, in which the magnetic
sensor elements are arranged in a plane orthogonal to the
measured current.

In the second current sensor, the magnetic sensor element
is a magneto-resistance element, electric resistance of which
changes in response to application of a magnetic field or a
magneto-impedance element, electric impedance of which
changes in response to application of a magnetic field in the
first current sensor.

In the third current sensor, the bias magnetic field appli-
cation unit includes at least a permanent magnet in the first
or second current sensor.

In the fourth current sensor, the magnetic sensor elements
are mounted on the sensor substrate made of a non-magnetic
material in any one of the first to third current sensors.

The foregoing detailed description has been presented for
the purposes of illustration and description. Many modifi-
cations and variations are possible in light of the above
teaching. It is not intended to be exhaustive or to limit the
subject matter described herein to the precise form dis-
closed. Although the subject matter has been described in
language specific to structural features and/or methodologi-
cal acts, it is to be understood that the subject matter defined
in the appended claims is not necessarily limited to the
specific features or acts described above. Rather, the specific
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features and acts described above are disclosed as example
forms of implementing the claims appended hereto.

What is claimed is:

1. A current sensor, comprising:

four magnetic sensor elements arranged within a plane

orthogonal to a measured current, having a symmetrical
magnetic characteristics curve, and adapted to convert
a magnitude of a magnetic field into an electrical signal
and output the electrical signal;

a bridge circuit including the four magnetic sensor ele-

ments; and

a bias magnetic field application member adapted to

applying a bias magnetic field to the magnetic sensor
elements,

wherein

each of the magnetic sensor elements has a corresponding

magnetic sensitive direction exhibiting a maximum
sensitivity, and

the magnetic sensitive directions of the magnetic sensor

elements are four different directions arranged in the
plane orthogonal to the measured current.

2. The current sensor according to claim 1, wherein the
magnetic sensor elements are magneto-resistance elements
electric resistances of which change in response to applica-
tion of a magnetic field.

3. The current sensor according to claim 1, wherein the
magnetic sensor elements are magneto-impedance elements
electric impedances of which change in response to appli-
cation of a magnetic field.

4. The current sensor according to claim 1, wherein the
bias magnetic field application member includes a perma-
nent magnet.

5. The current sensor according to claim 1, further com-
prising:

a sensor substrate made of a non-magnetic material on

which the magnetic sensor elements are mounted.

6. The current sensor according to claim 5, wherein the
magnetic sensor elements are mounted on one surface of the
sensor substrate and the bias magnetic field application
member is arranged on the other surface of the sensor
substrate.

7. The current sensor according to claim 6, further com-
prising:

an attachment member made of a magnetic material and

attaching the bias magnetic field application member to
the sensor substrate.

8. The current sensor according to claim 1, wherein a
magnetic pole direction of the bias magnetic field applica-
tion member is parallel to the plane in which the magnetic
sensitive directions of the magnetic sensor elements are
arranged.

9. The current sensor according to claim 1, wherein the
bridge circuit is arranged so that a cable in which the
measured current flows is located therein.

10. The current sensor according to claim 1, further
comprising:

a cable in which the measured current flows,

wherein

the four magnetic sensor elements are arranged on a

circumference of a circle centering around the cable,
the magnetic sensitive direction of each of the magnetic
sensor elements is in a tangent to the circle, and

the four magnetic sensor elements are located at each

vertex of a square inscribed in the circle.



US 9,459,293 B2

13

11. The current sensor according to claim 10, wherein

directions in which the bias magnetic field is applied to
the magnetic sensor elements neighboring to each other
are opposite to each other along the circumference of
the circle.

12. A current sensor, comprising:

four magnetic sensor elements arranged within a plane
orthogonal to a measured current, having a symmetrical
magnetic characteristic curve, and adapted to convert a
magnitude of a magnetic field into an electrical signal
and output the electrical signal;

a bridge circuit including the four magnetic sensor ele-
ments;

a bias magnetic field application member adapted to apply
a bias magnetic field to the magnetic sensor elements;
and

a cable in which the measured current flows,

wherein

the bridge circuit is arranged so that the cable in which the
measured current flows is located therein,

the four magnetic sensor elements are arranged on a
circumference of an ellipse centering around the cable,

a magnetic sensitive direction exhibiting a maximum
sensitivity of each of the magnetic sensor elements is in
a tangent to the ellipse,

the four magnetic sensor elements are located at each
vertex of a rectangle inscribed in the ellipse, and

directions in which the bias magnetic field is applied to
the magnetic sensor elements neighboring to each other
are opposite to each other along the circumference of
the ellipse.
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13. A current sensor, comprising:

four magnetic sensor elements arranged within a plane
orthogonal to a measured current, having a symmetrical
magnetic characteristic curve, and adapted to convert a
magnitude of a magnetic field into an electrical signal
and output the electrical signal;

a bridge circuit including the four magnetic sensor ele-
ments;

a bias magnetic field application member adapted to apply
a bias magnetic field to the magnetic sensor elements;
and

a cable in which the measured current flows,

wherein

the bridge circuit is arranged so that the cable in which the
measured current flows is located therein,

the four magnetic sensor elements are arranged on a
circumference of a circle centering around the cable,

a magnetic sensitive direction exhibiting a maximum
sensitivity of each of the magnetic sensor elements is in
a tangent to the circle,

the four magnetic sensor elements are located at each
vertex of a rectangle inscribed in the circle, and

directions in which the bias magnetic field is applied to
the magnetic sensor elements neighboring to each other

are opposite to each other along the circumference of
the circle.



